Purpose: The purpose of this study was to identify the healing outcomes following a partial-width, 38 full-thickness injury to the rotator cuff tendon-bone attachment and establish if the adult 39 attachment can regenerate the morphology of the healthy attachment. 40 Hypothesis: We hypothesized that a partial-width injury to the attachment would heal via fibrosis 41 and bone remodeling, resulting in increased cellularity and extracellular matrix deposition, reduced 42 bone volume, osteoclast presence and decreased collagen organization compared to shams. 43 Materials and Methods: A biopsy punch was used to create a partial-width injury at the center 44 one-third of the rat infraspinatus attachment, and the contralateral limb underwent a sham 45 operation. Rats were sacrificed at 3-and 8-weeks after injury for analyses. Analyses performed at 46 each time-point included cellularity (Hematoxylin & Eosin), ECM deposition (Masson's 47 Trichrome), bone volume (micro-computed tomography; microCT), osteoclast activity (Tartrate 48 Resistant Acid Phosphatase; TRAP), and collagen fibril organization (Picrosirius Red). Injured 49 and sham shoulders were compared at both 3-and 8-weeks using paired, two-way ANOVAs with 50 repeated measures and Sidak's correction for multiple comparisons. 51 Results: Cellularity and ECM deposition increased at both 3-and 8-weeks compared to sham 52 contralateral attachments. Bone volume decreased and osteoclast presence increased at both 3-and 53 8-weeks compared to sham contralateral limbs. Collagen fibril organization was reduced at 3-54 weeks after injury compared to 3-week sham attachments. 55 Conclusions: These findings suggest that a partial-width injury to the rotator cuff attachment does 56 not fully regenerate the native structure of the healthy attachment. The injury model healed via 57 scar-like fibrosis and did not propagate into a full-width tear after 8-weeks of healing. 58 Rotator Cuff Injury and Healing 3 Key Words: rotator cuff healing, tendon injury, tendon-bone attachment, osteoclast, collagen 59 organization 60
INTRODUCTION
Rotator cuff tears are a common orthopedic injury, with over 75,000 surgical repairs 62 performed annually (1). Depending on the location and severity of the tear, clinical 63 recommendations for surgery and physical therapy vary substantially (2, 3) . For partial-width tears, 64 conservative treatments (e.g., physical therapy) are encouraged before surgical intervention (3) (4) (5) . 65 The success of rotator cuff repair depends on the health of the cuff at time of repair (6-10) as well 66 as the restoration of the morphology and strength of the attachment (11) (12) (13) (14) (15) (16) . Following full-width 67 tears, repair of the torn attachment rarely results in full regeneration of the native morphology and 68 structure of the attachment (6, 14, (17) (18) (19) . In small animal models of cuff healing, a fibrous scar 69 tissue, characterized by reduced collagen organization, increased vascularization, and increased 70 cell density, are often observed (14, 18, 19) . Loss of the structural integrity of the attachment is 71 considered one of the primary causes of high rates of re-injury after rotator cuff repair (6, 19) . 72 However, animal models used to study rotator cuff healing have primarily relied on full-width 73 injuries that require surgical reattachment of cuff tendons to their bony footprint for structural 74 reintegration. Healing of cuff tendons during early stages of tear propagation, such as in the case 75 of partial-width injuries, have been investigated in vivo using animal models (19) (20) (21) (22) . However, 76 the healing of partial-width injuries focused at the attachment, without surgical repair and 77 augmentation, have only recently been explored (21) . 78 In the present study, we aimed to develop and validate a new model of rotator cuff injury 79 to investigate the natural healing process of the attachment. Using a rat model of partial-width, 80 full-thickness injury at the attachment, we hypothesized that, although the attachment would 81 Rotator Cuff Injury and Healing 4 remain partially intact, it would not heal with the same structural quality as an intact, uninjured 82 attachment. We tested this hypothesis by assessing the fibrotic response, extra-cellular matrix 83 deposition, bone remodeling, and collagen organization of the healing attachment.
84

MATERIALS AND METHODS
85
Animal Model 86 Adult Sprague Dawley rats (N = 8 females, N = 8 males for in vivo healing; ~200-250g) 87 and adult Long Evans rats (N=20 female dams, for ex vivo validation at time zero) were used in 88 accordance with the University of Delaware Institutional Animal Care and Use Committee 89 approval. Rats underwent a surgical procedure under anesthesia (isoflurane carried by 1% oxygen) 90 to model a partial-width rotator cuff injury at the center of the IS attachment ( Figure 1A -C) (23). 91 The IS tendon was exposed and the forearm was internally rotated. A 0.3mm diameter biopsy 92 punch (Robbins, Chatham, NJ, USA) was placed in the center 1/3 of the tendon width spanning 93 the attachment/bone, and the punch permeated the fibrocartilage, tendon, and cortical bone. The 94 injured shoulder was randomized between rats, and the contralateral shoulder underwent a sham 95 operation to mimic the procedure without the biopsy punch permeation. The surgical site was 96 closed using 5-0 Vicryl suture (Ethicon Inc., Somerville, New Jersey), and rats were given 97 bupivacaine hydrochloride (0.05 mg/kg) as analgesia. Rats were separated into two groups: 3-98 week healing (N=8; 4 females and 4 males) and 8-week healing (N=8, 4 females and 4 males). 99 Rats were sacrificed with carbon dioxide asphyxiation and thoracotomy. The 3-and 8-week time 100 points were chosen to evaluate the proliferation (3-week) and remodeling (8-week) phases of 101 tendon-bone healing. to which limb received the defect, and the contralateral limb underwent a sham operation to mimic 112 the procedure, similar to in vivo approaches. After performing the punch, the IS tendon-to-bone 113 attachments were dissected from the surrounding musculature and bone. The IS muscle belly was 114 detached from the IS fossa of the scapula and the IS tendon attachment at the proximal humerus 115 was left intact for mechanical testing. Uniaxial tensile tests were performed (Instron 5943, 116 Norwood, MA) and the cross-sectional area of the attachments were measured using microCT. To 117 prevent failure at the growth plate during testing, a hole was drilled in the humeral diaphysis and 118 then steel wire was passed through the hole and wrapped posterior to anterior around the humeral 119 head. Tendons were tested in a PBS bath using custom fixtures to ensure uniaxial loading. A 0.01N 120 tare load was applied and the test configuration was imaged at the start of the test to measure gauge 121 length of the sample, followed by five preconditioning cycles to 5% strain at a rate of 0.2%/sec. 122 Following preconditioning, samples were held for 30s at initial gauge length and then loaded to 123 failure at 0.2%/sec. Load/displacement data were recorded throughout the test (preconditioning 124 and load-to-failure) and data were converted to stress/strain data based on the initial cross-sectional 125 area from microCT (stress) and the gauge length from the start of the test (strain). Stiffness (N/mm) 126 Rotator Cuff Injury and Healing 6 and ultimate load (N) were calculated from load/displacement curves, and Young's modulus 127 (MPa) and ultimate stress (MPa) were calculated from stress/strain curves, with stiffness and 128 Young's modulus as the slope of the respective curves in the linear region and ultimate load/stress 129 as the maximum load/stress of the respective curves. Data were calculated using MATLAB 130 (MathWorks, Natick, MA, USA). 132 We validated our injury model via micro-computed tomography (microCT) ex vivo to 133 ensure the correct location of the punch at the attachment at time of injury (Supplemental Figure   134 1A-F). The shoulder complexes of female Long Evans rats (N = 2 for each group; previously 135 sacrificed) were used within two hours of sacrifice and unilateral shoulder complexes were 136 exposed to perform partial-width injuries with the biopsy punch at superficial (through soft the IS attachment, which did not return to its normal morphology by 8-weeks post injury ( Figure   194 2A-F). As visualized in microCT reconstructions, 3-week injured attachments showed reduced 195 Rotator Cuff Injury and Healing 9 amount of bone at the defect site; by 8-weeks post-injury, the defect was mineralized, although 196 this remodeling was incomplete ( Figure 2C & F) . Quantitatively, humeral head BV/TV was 197 significantly lower at both 3-and 8-weeks for the injured groups compared to the sham groups 198 (combined male and female groups, Figure 2G ). In addition, BV/TV increased with age of the rat 199 for both male and female rats, regardless of injury group (Figure 2G ). 200 The injury region had significantly reduced BV/TV in at 3-week post-injury compared to 201 the 8-week injured group ( Figure 2H ). There were no significant differences in injury region 202 BV/TV between the 3-and 8-week sham ( Figure 2H ). Measurements for both the humeral head 203 total volume of the attachments as well as injury region total volume were not significantly 204 different across all groups (Supplemental Figure 2C (Figure 3C') . The 3-week injured attachments had, quantitatively, decreased 219 collagen organization compared to sham attachments ( Figure 3E ). 220 TRAP-positive osteoclasts were prevalent at the injured attachment, indicating an increase 221 in bone remodeling at both 3-and 8-weeks ( Figure 4A-D' ). Injured attachments had increased 222 Oc.S./B.S. at 3-and 8-weeks compared to the contralateral sham attachments ( Figure 4F ). 223 Oc.S./B.S. was significantly higher in the injured 3-week attachments compared to the injured 8- 224 week attachments ( Figure 4F ). There was no significant difference in Oc.S./B.S. for 3-week sham 225 attachments compared to 8wk injured attachments. The overall cell density was significantly 226 higher for both time points at the injured tendon-bone attachments compared to the sham 227 attachments ( Figure 4E ).
131
Micro-Computed Tomography
228
DISCUSSION
229
Overview 230 The structure of the healthy tendon-bone attachment is ideal for its function to transmit forces 231 generated by muscle to bone (23, (25) (26) (27) . Although the attachment resists failure, injuries 232 commonly occur near the attachment within rotator cuff tendons (6, 17, (28) (29) (30) . Rotator cuff tears 233 may necessitate surgical repair of the tendon back to bone, however conservative treatments can 234 also be effective in reestablishing cuff strength and health (2, (31) (32) (33) (34) (35) . In the present study, we 235 investigated cuff healing using a new model of partial width injury model in the rat. 236 Here, we used this newly-established injury model of a partial-width rotator cuff defect to 237 quantitatively and qualitatively investigate the morphological properties of the healing attachment 238 at 3-and 8-weeks post-injury.
239
Study Significance
241
In this study, we showed that partial-width, full-thickness injuries led to substantial deficits 242 in cellular and structural composition, including impaired collagen alignment, increased osteoclast 243 activity, and decreased bone volume compared to sham-operated attachments. These data support 244 that healing of the mature tendon-bone attachment is scar-mediated, coinciding with previous work 245 (21). In our study, short-term following injury (3-weeks) led to decreased collagen organization 246 compared to uninjured groups, yet the attachment was able to somewhat overcome this deficit in 247 the longer term (i.e., by 8-weeks post injury). This suggests that the attachment continues to 248 remodel and re-organize the injury site. Notably, the biopsy punch used to create the injury 249 permeated the cortical bone, which may have resulted in increased osteoclast activity at the injury 250 site, indicative of a bone-marrow derived healing response (21, 36) . The observed increase in bone 251 resorption, driven by osteoclast activity, likely led to reduced BV/TV in the injured groups at 3-252 and 8-weeks post-injury. Additionally, the injury may have led to reduced loading, due to pain or 253 discomfort, resulting in a reduction in muscle forces transmitted to bone, which could have also 254 contributed to the decreased BV/TV that we observed (8). Reduced muscle loading of the tendon-255 bone attachment is detrimental to tendon-bone healing (7, 8), yet it remains unknown if a partial-256 width injury to the tendon-bone attachment influences the muscle loading of the attachment in our 257 model. Per our ex vivo validation studies, the injured attachments likely have decreased 258 biomechanical properties at time of injury due to loss of structural integrity and removal of 259 attachment tissue. Interestingly, none of the partial-width injuries resulted in a full-width injury, 260 supporting recent evidence that the attachment may resist failure even when damaged, albeit less 261 so than a healthy attachment (23). Therefore, although full regeneration of the structure of the tendon-bone attachment was not observed, the scar tissue formed at the injury-site may be 263 mechanically sufficient to resist tear propagation.
264
Research Significance
265
Although tear propagation was not observed in this study, rotator cuff tears in the clinic 266 may propagate into full-width injuries that require surgical repair (37-39). Therefore, partial 267 injuries to rotator cuff tendons are sometimes surgically repaired to prevent tear propagation (17, 268 28). Hence, many studies have aimed to understand tear propagation (23, (38) (39) (40) (41) and various 269 scenarios of rotator cuff repair (6, 17, 28-30, 33, 42-46) . Despite the plethora of research in the 270 field of rotator cuff repair, repairs often fail due to poor re-integration of tendon to bone (6, 47) . 271 As such, studies of attachment healing have focused on tissue-engineering approaches for 272 improving attachment repair and establishing the mechanical and biological factors that are 273 involved in repair healing (7-9, 14, 18, 19, 21, 22, 31-33, 36, 48-61) . Few studies have investigated 274 the innate healing response of the attachment (i.e., attachment healing without repair). One such 275 study identifies a role of Gli1+ cells, key regulators of attachment development, in attachment 276 regeneration via direct punch-like injury to neonatal mouse attachments (21). Although these cells 277 mediate neonate regeneration, Gli1+ cells were scarce during scar-mediated healing in the mature 278 attachment (21). Interestingly, scar-mediated healing has been shown to occur both in the mature 279 mouse and in our rat model of healing, indicating that aging may limit the capabilities for tissue 280 regeneration, regardless of species. The results of our study are consistent with other animal 281 models of rotator cuff injury (7, 8, 10, 18, 19, 54, 62) , elucidating that the composition of the 282 attachment varies at different time points after an acute injury. In one study of acute rotator cuff 283 tendon injury and repair, attachments exhibited a wound healing response with a lack of restoration 284 achievable compared to uninjured shoulders (14) . Only a few studies, however, have focused on 285 Rotator Cuff Injury and Healing 13 the healing composition of partial-width injuries without repair or augmentation (19) . In this study, 286 we established that a model of partial-width rotator cuff injury in the rat shoulder leads to 287 achievable restoration, although scar-like and fibrotic, at the attachment without surgical repair. 
